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ABSTRACT 


In this report classic dynamic height calculations were made from 
International Geophysical Year (1957-1958) and adjacent 1959 oceanogra- 
phic data to obtain geostrophic currents and estimates of mass, salt, 
and heat transports in the South Atlantic Ocean. The cross sections 
extend from South America to Africa along the 8°S, 16°S, 24°S, and 32°S 
latitude lines, providing temperature and salinity data from the surface 
to near bottom. 

A level of no motion was determined by establishing mass and salt 
continuity across each of the latitudinal cross sections. This level 
varied from 1100 meters at 8°S to 1270 meters at 32°S. It is approxi- 
mated by the 27.57 sigma-t surface and corresponds closely to the 
boundary between the Antarctic Intermediate Water and the South Atlantic 
Deep Water masses. 

The resulting meridional heat transport was then examined and com- 
pared with other estimates. Northward (equatorward) heat transports 
resulted at each latitude, which would seem to oppose the conventional 
view of the role of the ocean in the earth's heat budget as a means to 
transfer heat from equator to poles. However, the northward direction 
of the net absolute heat transport agrees with the consensus of previous 
work and is attributed to the warmer surface currents with a net north- 
ward transport dominating the cooler deeper currents and their net 
southward flow. 

A general circulation pattern was developed from mass transport 
values for each of three layers of water: Upper, Intermediate, and Deep 
and Bottom Water. These derived circulation patterns are then compared 
to general descriptive circulation patterns found in the literature. 
General agreement was found with the notable exception of lacking a 
strong Brazil current in the surface and central waters. Vertical 


cross sections of velocity, mass, salt, and heat transport were con- 


toured to examine the eddy field circulation pattern and further describe 


general circulation patterns. 
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I. INTRODUCTION 


For the total earth-atmosphere system, the amount of heat received 
from the sun at the upper boundary of the system must, in the long term 
average, equal closely the amount of heat lost by reflection and radia- 
tion to space. This approximate balance must exist, since observed 
short term changes in the mean annual temperature of the atmosphere and 
oceans are small enough to be neglected. Therefore, over a time period 
of several years, an energy balance may be assumed and the short wave 
vadiation absorbed by the land, the oceans, and the atmosphere is con- 
sidered balanced by the long wave radiation to space from the entire 
system. Part of the arriving energy is transformed into the kinetic 
energy which drives ocean and atmosphere circulations. 

The arriving short wave radiation does not strike the earth uniform- 
ly. Due to the geometry of the earth's orbit, the lower latitudes 
receive more short wave energy than is lost by long wave radiation; at 
higher latitudes the reverse is true. There is consequently a net gain 
of heat in the tropics and a net loss in the higher latitudes. Since, 
for a given latitude the mean annual temperatures remain unchanged, there 
Must be energy transport from lower to higher latitudes. The air-ocean 
circulation systems are primarily responsible for this redistribution 
of energy between the latitudes. 

In the early part of this century it was popularly assumed that the 
transport of heat by oceanic currents was small or negligible when com- 
pared with that transported by the atmosphere. Bjerknes et al. (1936) 


and Sverdrup et al. (1942) proceeded under this assumption, but provided 
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the caveat that the question had not been thoroughly examined. 


In examining the question further, Jung, in 1952, proposed that the 
oceans could indeed provide a significant contribution to the heat 
balance of the earth. Previous works considered only the horizontal 
surface current systems in heat transport studies whereas Jung proposed 
closed vertical circulations in the north-south direction which could 
transport significantiy large amounts of heat between equator and pole. 
Jung's hypothesis was extended in a 1955 study of geostrophic currents 
in the North Atlantic derived from the METEOR Expedition data which re- 
sulted in computations of significant oceanic heat transport meridion- 
ally. Other studies have verified further the importance of ocean 
circulations in the transport of energy. Budyko (1956), Sverdrup (1957), 
Bryan (1962), Sellers (1965), Emig (1967), Vander Haar and Oort (1973), 
and Bennett (1978) all estimated significant meridional heat transports 
in various oceans. 

This study attempts a nearly synoptic look at four latitudinal sec- 
tions in the South Atlantic Ocean between 8°S and 32°S using temperature 
and salinity data from the International Geophysical Year (1957-1958) and 
1959. A computer program developed by Greeson (1974) is used to calcu- 
late volume, mass, salt, and heat transports across the various latitude 
sections. The computer program was modified to include previously hand 
calculated transports in areas below the deepest sounding and to identify 
water masses by salinity and temperature criteria. By requiring mass 
and salt continuity across each section conclusions were drawn concerning 
the level of no motion, general geostrophic circulation, and net heat 


flux characteristics of the South Atlantic Ocean during this period. 
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ENERGY TRANSPORT 


A. 


The redistribution of energy in the earth-atmosphere system is ac- 


complished primarily by advection of sensible heat within the ocean's 


current systems and transport of latent and sensible heat within atmos- 


pheric circulations. Ordinarily, the processes of conduction through- 


out continental land masses and through the ocean floor are ignored. 


Whether the ocean or the atmosphere is the dominant mechanism for energy 


transport has been a source of debate over the past century. 


Maury (1856) and Ferrel (1890) maintained that the ocean was the 


chief source of energy transport meridionally because even though oceanic 


velocities are an order of magnitude smaller than atmospheric velocities 


and the atmosphere has a greater volume exchange than the ocean, the 


mass exchange and heat capacity of the ocean is greater. An opposing 


view was held by Bjerknes et al. (1933) and Sverdrup et al. (1942), both 


of whom assumed that the transport of energy from lower to higher lati- 


tudes by ocean currents is negligible when compared to the atmospheric 


contribution for worldwide averages, but can be of importance locally 


a ne 


in certain regions. A study by Angstrom (1925) indicated a rough equali- 


ty between ocean and atmospheric contributions to energy transpor«. 

Jung (1952, 1955) showed that meridional transport by the oceans, while 
not as large as the atmosphere, was not insignificant. Neumann et al. 
(1966) stresses the importance of the ocean, particularly in transferring 
energy to the region between 20°N and 40°N wherein it is made available 


to the atmosphere in the form of latent heat for further northward transport. 


oes = 


This study attempts a quantitative analysis of the ocean transports 
of mass, salt, and heat across vertical cross sections of the ocean 


in the South Atlantic Ocean at four latitudes. 


B. DETERMINATION OF THE LEVEL OF NO MOTION 

The procedure for computing transports in this study uses the dynamic 
method for calculating relative geostrophic velocities between oceano- 
graphic station pairs. The procedure is described in Section Iy-B. In 
Order to obtain quantitative estimates of the transports, however, the 
relative geostrophic velocities calculated by the dynamic method must 
be converted to absolute velocities. To accomplish this, a level of no 
meridional motion was required against which the relative velocities 
were referenced and thereby converted to absolute velocities. 

Since current measurements are not taken along with the standard 
Oceanographic station cast, indirect oer of determining the level 
of no motion have been developed over the past 60 years. A comprebensive 
summary of these methods is found in Sherfessee (1978) and Baker (1978) 
and includes descriptions of techniques developed by Jacobsen (1916), 
Parr (1938), Hidaka (1949), Defant (1941), Sverdrup et al. (1942), 
Stommel (1956), and Stommel and Schott (1977). 

The method used to determine the level of no motion in this study 
was that from Sverdrup et al. (1942). The method entails imposing the 
requirement of mass and salt continuity across a given latitude section 
that extends completely across an ocean basin. The level of no motion 
is placed at the depth where the transport above the reference level is 
equal to and opposite to the transport below the reference level. This 


method reguires data across an entire cross section of the ocean and 
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This method proved to be the 
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from the surface to the near bottom. 


III. STATEMENT OF THE PROBLEM 


The objectives of this study were sixfold: (1) to add to an exist- 
ing computer program,which computes ocean transports through a vertical 
cross section, a subroutine which automatically classifies the water 
masses and sums their transport contributions by individual water mass 


type; (2) to modify the computer program to include in the transport 


calculations the cross sectional areas below the deepest sounding adja- | 
cent to the bottom whose effects previously were hand calculated; (3) to 

determine quantitatively the level of no motion in the South Atlantic i 
such that the net mass and salt transport across each of the four sec- 

tions is approximately zero; (4) to use the resulting mass transport to 

compare and describe the general circulation of the South Atlantic for 

Upper, Intermediate, and Deep and Bottom Water layers; (5) to compute 

the transport of sensible heat from the selected vertical cross sections, 


and (6) to estimate eddy activity by examining eddy patterns revealed in 


| vertical cross sections of velocity and mass, salt, and heat transport 


which were contoured by the computer. 


IV. PROCEDURE 


A. DATA SOURCE 


POAT a one 


To apply the classic method of determining dynamic depths in the 
ocean, detailed temperature and salinity observations at known geometric 
depths below the actual sea surface were required for a given time 
period. In practice, simultaneous observations are not available, 
especially for an area the size of the South Atlantic Ocean, but it may 
be assumed that time changes in the pressure distribution are so small 
that observations taken within a given time frame may be considered 
synoptic. This is the assumption most often made in studies of broad 
oceanic circulations, especially prior to the satellite era. 

The most comprehensive set of data meeting these criteria was sca 

es in Atlantic Ocean Atlas publishad by F. C. Fuglister in 1960. It isa 
compendium of data taken as part of International Geophysical Year (IGY, 
1957-1958). To obtain these data, the classic oceanographic station 
Measurements were carried out involving serial observations from surface 
to near bottom using Nansen bottles and reversing thermometers for tem- 
perature and salinity information. Data for the South Atlantic are in 
transects at four latitudes extending from South America to Africa with 
stations at roughly one degree intervals. The data were collected be- 
tween March 1957 and June 1959. Table I shows additional information 4 | 
on these latitudinal cross sections. 

Figure 1 shows the tracks along which the data were taken. Although 
the data were collected over slightly more than a two-year time period, 
they are considered synoptic for the purpose of studying the general 


circulation patterns. 
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Average 


Latitude 


g°15' Ss 


15°45' § 


24°15' S 


32°30' S 


Vessel 


Crawford 


Crawford 


Crawford 


Atlantis 


TABLE I 


OCEANOGRAPHIC STATION DATA 


Station 
Numbers 


86-92 
94-120 


121-153 


416-458 


5798 
5806-5843 


Dates 


March 1-22, 1957 


April 1-22, 1957 


October 2-26, 
1958 


April 11, 1959 
April 26 - 
June 3, 1959 


cn ers amma ont Unie ree 


Tracks 


Brazil to 
Angola 


Brazil to 
Angola 


Brazil to 
Southwest 
Africa 


Brazil to 
Union of 
South Africa 
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B. COMPUTING TRANSPORTS 

Transports of volume, mass, salt, and heat across a vertical cross 
section were computed using velocities derived by the Helland-Hansen 
formula [equation (4)] and the procedure from Sverdrup et al. (1942). 

In general, the method consists of application of the geostrophic approxi- 
mation. Since the vertical shear of geostrophic velocity is proportional 
to the horizontal density gradient, a relative velocity profile may be 
calculated by assuming or measuring a velocity at one level and then 
vertically integrating measured horizontal density gradients converted 

to dynamic heights. 

Specifically, a computer program was used from a master's thesis by 
Greeson (1974) which computed dynamic heights for standard depths at 
each ocean station by the Sverdrup procedure in the following manner. 

The IGY temperature and salinity data taken at asttie depths were 
interpolated to standard depths using a combination linear and parabolic 
scheme. Then specific volume and the specific volume anomaly were com- 
puted for each standard depth. Next, an average specific volume anomaly 
for the center of the layer between standard depths is calculated using 


the equation: 


OL 56 
2% z Stee ; (1) 


where 6 is the average specific volume anomaly, and é. and 6 are 


(z+Az) 
the computed specific volume anomalies at standard depths z and z+Az 
respectively. 


Dynamic height difference, AD, for each layer is computed by: 


AD = S{z=(z+Az)] . (2) 
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A vertical summation is made to obtain the total dynamic height of each 


station relative to the sea surface: 


z 
> AD=D. 
° 


Next, another subroutine is employed to compute L, the distance be- 


tween each station pair as a function of latitude and longitude. 


Geostrophic relative velocity differences at a location midway between 


each station pair were calculated for each standard depth using the 


Helland-Hansen equation: 


(4) 


where vy and Vv, are the velocities at standard depths 1 and 2, Da and Ds 
are the dynamic heights of the two stations, and f is the coriolis 
parameter. 

The ocean surface was considered a geopotentially level surface with 
zero inclination between the pressure surface and the level surface for 
the purpose of calculating these relative velocities. 

In order to convert from relative to absolute velocities, some 
criterion was required by which to establish the actual surface which 
has zero inclination, and thus, zero velocity. This surface is the level 
of no motion discussed in Section II. The method used in this study to 
determine that depth was simply to impose the requirement that the result- 


ing net mass transport and net salt transport across the entire latitude 


sections of ocean be zero when based on the selected reference level: 


a So, “n =o 
s (5) 
fo Sv. do=0 
sons 
where S is salinity in parts per thousand and 7 is the velocity compo- 


Pe ‘* nent perpendicular to the cross section. 


i The procedure followed was experimentally to vary the depth of the 


level of no motion in the computer program until the total net mass and 
salt balances across the sections were as small as could be obtained. ilq 
The velocities for the remaining standard depths computed relative to 


this level of no motion were then considered absolute. The velocities 


thus obtained apply to a point midway between each station for each 
standard depth. 

From these absolute velocities, transports of volume, mass, salt, 
and heat for the cross sectional area between the station pairs were 
next calculated for each layer between the standard depths. The veloc- 
ities were available at the midpoints between the stations; values of 
density, salinity and temperature were interpolated for each standard 
depth. 

To obtain a value for velocity, density, salinity, and temperature f { 


representative of the entire cross sectional area of the layer between 


the two stations an averaging process was performed to arrive at a cen- 


Sa ee eee 


| tral value for each parameter. The averaging process used by the com- 
puter program is illustrated in Figure 2. 

" These central values and the cross sectional area of the layer are 

used to compute the transports. The product of area, velocity, and den- 


sity gives mass transport, which is then multiplied by the salinity and 


| temperature, respectively, to obtain heat transport and salt transport. 
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Figure 2. Illustration of the averaging process used to obtain a 
central mean value for velocity, density, salinity, and 
temperature for the rectangular cross-sectional area, 
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Mass, salt, and heat transports are summed in the vertical for each sta- 


tion pair and also in the horizontal for each layer. 
Due to the procedures for data interpolation techniques and limita- 
tions in the accuracy of the computer, it was impossible to obtain exact 


zero mass and salt fluxes simultaneously for a single level of no motion. 
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For the purposes of this study, mass balance was considered the primary 
criterion and salt an important, although secondary, balance considera- 
tion for continuity. Once mass and salt continuity was achieved as 
closely as possible, for the entire section, the corresponding heat trans- 


port for the section was recorded. 


C. BOTTOM AREA CONTRIBUTIONS 

The method described above determines the transports for the cross- 
sectional area down to the greatest common depths for each station pair. 
Figures 3 through 6 show the area below the greatest common depths which 
also must be included. In addition, an estimate must be made for the 
peripheral areas between the last station on either end of the section j 

'} and land. An estimate for the latter will be discussed in Section IV-D. 

The existing computer program was modified to account for the effects 
of these areas adjacent to the bottom which in the past were hand calcu- 
lated. Bathymetric profiles for each latitude section were provided by 
Woods Hole Oceanographic Institution and the cross-sectional area between 
the ocean floor and the deepest common depth was measured for each station 
pair (the near-bottom area). Next, a linear decrease in velocity was 
assumed from the deepest common level to a zero velocity at the ocean 
floor; that is, a value of one-half the deepest calculated absolute veloc- 
ity was used as the average velocity value for each area. Mass transport 


across the near-bottom area was found by multiplying this velocity by the 
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8°S Latitude Section. 
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Figure 3. 
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deepest interpolated mean density and the near-bottom area. The mass 


transport was multiplied by the deepest average temperature and salinity 


values to find the corresponding heat and salt transports. The modified 
program then automatically added these results to the respective trans- | 
ports for the station pair. Consequently, these near-bottom areas are 
taken into consideration automatically during the search for the level 
of no motion for which net mass and salt fluxes across the entire lati- | 
tude section must approach Zero. 
One potential problem with the method described above is in the 
accounting for the proper direction of the Antarctic Bottom Water. No 
Antarctic Bottom Water was identified from the oceanographic data, not 
because it was not present, but because the Nansen cast did not extend 
deep enough to sample it. Consequently, the deepest sampled water in 
the deep ocean stations is always South Atlantic Deep Water, which 
usually flows southward (poleward). By the method described above, the 
water below the deepest sounding is assigned a velocity of one half the 
average velocity at the deepest sounding. Therefore, the direction 
assigned to the water in the area adjacent to the bottom is usually 
southward also. The usually northward transports of the Antarctic 
Bottom Water may be missed entirely by this technique. 
The cross-sectional area through which Antarctic Bottom Water flows 
is small by comparison to the remaining cross section, but not insigni- 
ficant. A study by Greeson (1974) showed that the bottom peripheral 4 
area amounted to approximately ten percent of the total cross-sectional } 


area, with some unknown portion of this area being attributed to the 


flow region of the Antarctic Bottom Water. 
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A volume transport of three million m/sec is estimated for Antarc- 


tic Bottom Water flowing northward across 30°S by Sverdrup et al. (1942). 
Even smaller values would be expected for Antarctic Bottom Water at 
lower latitudes. These values are considered negligible when compared 
with typical transports for even a single station pair in the cross sec- 
tion. Consequently, any bias in transports caused by not detecting the 


Antarctic Bottom Water in the Nansen casts was considered negligible. 


D. ESTIMATING TRANSPORTS FOR THE PERIPHERAL AREAS ADJACENT TO LAND 

The portion of the cross-sectional area as yet not accounted for was 
that of the peripheral areas between the last station on either end of 
the section and land. Values of mass, salt, and heat transport for 
these peripheral zones were calculated as follows. 

The transport (volume, mass, salt, and heat) within each standard 
layer in the peripheral zone was considered to be a fraction of the 
transport for the same layer in the first station pair nearest the end. 
The fraction was determined by assuming a linear decrease in current 
velocities toward shore for each horizontal layer, with zero velocity 
at the beach. Therefore, a value of one-half the layer volume transport 
for the first station pair was considered representative for the peri- 
pheral zone. Next, this estimate was corrected for the difference in 
cross-sectional area between the first station pair and the periphery 
by multiplying by the ratio of areas, layer by layer. Finally, the 
layers were summed to obtain total transports for the peripheral zone. 

This method was devised to take advantage of the observed salinity 
and temperature data for each layer. For purposes of comparison the 
results were qualitatively evaluated against climatological temperature 


and salinity data obtained from Fleet Numerical Weather Central's 
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"Hydroclimatological Data Retrieval Program" (HYDAT) and current veloc- 


ities from pilot charts. The statistics from HYDAT were consistent with 


the data of this study. but were not detailed enough for the layer-by- 
layer estimates obtained by the ratio method. Several of the peripheral 
areas had negligible cross-sectional areas and their contribution to 
transport was discarded. 

To demonstrate the procedure described above, transports were calcu- 
lated for a single end zone. Figure 7 illustrates the geometry of the 
problem and Table II lists the results. As can be seen from Table II, 
the mass, salt, and heat transports for each 50-meter layer of the adja- 
cent station pairs were multiplied by the ratio of lengths and then by 
one-half to account for the assumed linear decrease in velocity toward 
shore. 

Table III shows the results for each end zone, the cumulative contri- 
bution of the two end zones for each latitude, and a grand total net 
result for all eight peripheral areas. For the purpose of evaluating 
total net transports the results were considered negligible since compen- 
sating for even the largest value obtained changed the level of no 


motion across the latitude section by less than one meter. 


Illustration of the technique for estimating the transports 
of mass, salt, and heat in the peripheral zones; d = a tana. 
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TABLE II 
ESTIMATED TRANSPORTS OF MASS, SALT, AND HEAT 
IN THE PERIPHERAL ZONES AT 8°S, EAST END 


(.5R)x Mass (.5R)x Salt (.5R)x Heat 
(g/sec) (g/sec) (cal/sec) 


SaUnCnenetetreeeenetetee 


2.4955 ~.224357 -7.64393° 


~66 .92056" 
2.0796 .02946 1.04579 8.61866 
1.6636 .08013 2.85529 23.18796 
1.2477 .02327 0.81847 1.57821 
0.8318 .00368 0.12073 1.05214 
0.4159 .00099 -.03458 -.28034 
0.0 0.0 0.0 0.0 


- .08880 -2..82923 -32.76393 


1, is the ratio of lengths for each 50 meter layer; 


d = a tan qa; 
R = d/l = a tan a/l. 
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2 (all values times 10°”) 


3 (all values times 10”) 
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TABLE III 


ESTIMATES OF MASS, SALT, AND HEAT TRANSPORTS 


FOR PERIPHERAL AREAS AT EACH LATITUDE 


12 


West End 


- .06432 
~ 3.41850 
-27.66394 


~~ ,09711 
~ 3.53711 
~29.37412 


Negligible 


Negligible 


~- .17553 
- 7.04879 
~67.36277 


East End 


- .08880 
- 2.82923 
-32.76393 


- 23887 
8.49962 
69.57869 


Negligible 


- .16417 
- 5.76357 
-47.13947 


Total 


- .15312 
- 6.24773 
-60.42787 


- 14176 
4.96251 
40.20457 


Negligible 


- .16417 
- 5.76357 
-47.13947 
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g/sec x 10 
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g/sec x 10? 


3 cal/sec x io” 


E. IDENTIFICATION OF WATER MASSES 

An additional modification of the existing computer program was ef- 
fected in order to provide automatic identification of water masses in 
the South Atlantic Ocean based on salinity, temperature, and depth cri- 
teria and additionally to identify and sum mass, salt, and heat trans- 
ports according to water mass type. 


The criteria used to identify the various water masses in the South 


Atlantic Ocean were found in Defant (1961), Sverdrup et al. (1942), 


Williams et al. (1973), and Bialek (1967). The specific temperature and 
salinity for each water mass used in this study were extracted from these 
works and expanded somewhat to include the transition waters between each 
water mass type. TableIVlists the temperature and salinity values used 
in this study to identify the water masses in the South Atlantic Ocean. 

No specifications for surface water were listed in the literature; 
thus, a temperature criterion was established to delineate the mixed 
layer adjacent to the sea surface. 

Figures 8 through 1l depict the various water masses found in the 
South Atlantic and the level of no motion through the cross section. No 
Sub-Antarctic Water, Antarctic Circumpolar Water or Antarctic Bottom 
Water was found. It is reasonable to assume that Sub-Antarctic Water 
and Antarctic Circumpolar Water were not identified due to the low latitude 
of the sections. Antarctic Bottom Water, however, was undoubtedly present 
but went undetected because the data available did not extend deep enough 
to sample it. Rather than arbitrarily specifying that any water below 
the last sounding was Antarctic Bottom Water, this water was instead 


assigned to a Deep and Bottom Water category collectively. 


net ye 


TEMPERATURE AND SALINITY CRITERIA FOR WATER MASS 
IDENTIFICATION IN THE SOUTH ATLANTIC OCEAN 


Watermass 
Antarctic 
Bottom Water 


Antarctic 
Circumpolar 
Water 


Sub-Antarctic 
Water 


South Atlantic 
Deep Water 


“Antarctic 
Intermediate 


South Atlantic 
Central 


Surface 


TABLE IV 


Temperature (°C) 


O-2.5 


7.0-9.0 


7.0-9.0 


2.8-7.0 


5.0-18.0 


> 18.0 


Salinity (0/00) 
34.65 to 34.67 


34.68 to 34.80 


34.10 to 34.68 


34.70 to 34.97 


33.80 to 34.71 


34.45 to 36.10 


Reference 


Defant 


All 


Defant 


Defant 


Sverdrup and 


Defant 


Williams 
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GENERAL CIRCULATION 

In order to study the general circulation of the South Atlantic Ocean 
the mass transports were separated into three layers: Upper Water (con- 
sisting of Surface and Central Waters), Intermediate Water and Deep and 
Bottom Water. The absolute mass transport for each layer and for each 
station pair was computed and recorded on the chart at the proper location. 

These integrated mass transport figures for each layer at each station 
pair were combined into a composite value for increments of five degrees 
of latitude. Figures 12 through 14 give a graphical idea of the net trans- 
ports involved for each increment. A general circulation pattern was then 
devised for the Upper, Intermediate, and Deep and Bottom Waters consistent 
with net mass transports across each latitude circle. To provide con- 
tinuity of mass and to match observed circulations, series of cyclonic 
and anticyclonic eddies were constructed. Robinson (1976) reports exten- 


sive mid-ocean eddy activity at all scales in the ocean from thé sea 


surface to the bottom thus lending credence to the eddy concept used here 


in approximating the circulation. 

Areas of convergence and divergence are shown as symbols for gain and 
loss to the layers of water depicted in Figures 17 through 19. These 
indicate the general areas of upwelling and downwelling required for con- 
tinuity in the vertical. To further identify the general circulation and 
examine it in the vertical, geostrophic current velocities and transports 
of mass, salt, and heat were interpolated in the computer to a rectangular 
matrix representing a vertical cross section of the ocean and then con- 
toured at various levels by a computer subroutine named CONTUR. An attempt 
was made to describe quantitatively by size and frequency distribution any 
eddy features identified by this procedure. The results of this effort 


are found in Appendix III. 
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V. DISCUSSION OF RESULTS 


A. THE LEVEL OF NO MOTION 

The procedure for determining the level of no motion was taken from 
Sverdrup et al. (1942) as described in Section II. The resulting depths 
of the level of no motion obtained in this study for each section are 
listed in Table V and illustrated in Figures 8 through ll. 

Previous evaluations of the level of no motion for the Southern Hemi- 
sphere are found in Defant (1961) and Neumann (1954, 1955). A comparison 
of those obtained in this study with those of Neumann shows the same 
general trend of deepening with increasing latitude. However, this study 
showed a deeper level of no motion for the region from the equator to 20°S 
and a shallower level of no motion for the region between 20°S and 40°S. 
Figure 15 illustrates the results of each study. 

A comparison of the level of no motion surface with isothermal and 
isohaline surfaces diagrammed in the Atlantic Ocean Atlas (Fuglister, 1960) 
revealed that the level of no motion followed salinity surfaces between 
34.55 °7/00 and 34.70 ° 700 and temperature surfaces between 3° and 4.1°C. 
The corresponding sigma-t surface averaged about 27.57 for all of the 
latitudes in this study. This isopyncnal surface might prove useful as 
a first estimate for the level of no motion at other latitudes. 

Defant (1941) and Sverdrup et al. (1942) after an examination of the 
METEOR profiles to the south of 20°S state that the level of no motion is 
approximately 1100 meters at 20°S and deepens somewhat toward the south, 
coinciding with the boundary between Antarctic Intermediate Water and 
South Atlantic Deep Water. The level of no motion found in this study is 
also approximately 1100 meters at 20°S and coincides very closely with the 


boundary between the Intermediate and Deep Water masses for all latitudes 


studied. 


TABLE V 


LEVEL OF NO MOTION OBTAINED FOR 
EACH LATITUDINAL CROSS SECTION 


Level of No Motion 


1100 m 


1300 m 


1145 m 


1270 m 
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B. MASS AND SALT TRANSPORT 

A mass and salt transport balance was attempted at each section as a 
prerequisite to estimating the heat transport. Attaining a zero net trans- 
port value for both mass and salt proved impossible; consequently, zero 
mass flux was chosen as the primary consideration, with zero salt flux 
as secondary. Excellent mass continuity and satisfactory salt continuity 
was attained for each section. Tables VI through IX lists the resulting 
transports of mass and salt for each latitude section by water mass type 


and the cumulative total net transport. 


C. HEAT TRANSPORT 
Meridional heat transport across a latitude section may be represented 


by the following equation: 


z ct pv, A. (6) 


By assuming the specific heat of seawater at constant pressure, Cpe to be 


unity, the expression reduced to 


be pv, A, (7) 


where A is the cross-sectional area between the station pairs, ev, is the 
north or south mass transport at each station pair, and T is the average 
absolute temperature for the station pair. The summation is across all 
the station pairs. 

Because mass continuity was required, the net mass transports ev, 


(north) and ov, (south) must cancel, that is, 


tov, (north) + tov, (south) =0. (8) 


; 
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TABLE VI 


TRANSPORTS OF MASS AND SALT 
BY WATER MASS TYPE AT 8°S 


\ 


(Negative values indicate northward transport; 
positive values indicate southward transport) 


BFR Ur era rennet 


(all values times 10+) 


Transports 
Mass Salt 


Water Mass ( sec) (gm/sec) 


Surface - 6.21528 -232.87947 


Central - 1.32696 - 47.18784 


Intermediate 12.78718 440 .85053 


Deep and Bottom - 5.22625 -178.54060 


Total for 8°S - 17.75700 
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TRANSPORTS OF MASS AND SALT 
BY WATER MASS TYPE AT 16°S 


(Negative values indicate northward transport; 
positive values indicate southward transport) 


(all values times 10) 


Transports 
Mass Salt 


(gm/sec) (gm/sec) 


Surface ~11.24442 -413.63354 


Central -13.13231 -461.25879 


Intermediate - 5.12388 -176.45419 


Deep and Bottom 29.49049 1029.91431 


Total for 16°S - .01012 = 21.43221 
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TABLE VIII 


TRANSPORTS OF MASS AND SALT 
BY WATER MASS TYPE AT 24°S 


(Negative values indicate northward transport; 
positive values indicate southward transport) 


aS 


E | ; 12 
(all values times 107°) 


, Transports 
Mass Salt / 
Water Mass (gm/sec) (gm/sec) | 

| q 
F Surface - 3.40335 -122.69826 
: Central -16.98189 -597.16504 i 
Intermediate - 1.99157 - 68.17680 i 

7 

Deep and Bottom 22.35007 779.98511 - 

Total for 24°S - .02674 - 8.05499 
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TABLE IX 


TRANSPORTS OF MASS AND SALT 
BY WATER MASS TYPE AT 32°S 


Sete resmnssecene: 


(Negative values indicate northward transport; 


positive values indicate southward transport) 
; a2 

(all values times 10°”) ‘4 

Transports ii 

i 

Mass Salt i} 

Water Mass (gm/sec) (gm/sec) it 
Surface - .85776 - 29.92361 ia 

Central -25.17276 -881.97144 : 
Intermediate -16.78152 -576.14258 ; 

' 
Pi ; 
Gy Deep and Bottom 42.82959 1494.25366 | 
; 

Total for 32°S -01755 6.21603 
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However, a balance of the heat transport was not anticipated as a by-pro- 
duct of mass continuity due to the varying temperature properties of the 
water masses involved. The heat transports calculated by this method were 
taken as representative of the direction and magnitude of the actual 
oceanic heat transports across these latitude sections. The resulting 
heat transports by the various water mass types and the total heat trans- 
ports across each section are listed in Table X. 

Methods of computing heat transports have been proposed by Model (1950), 
Jung (1955), Sverdrup (1957), Bryan (1962), Sellers (1965), Emig (1967), 
Vander Haar and Oort (1973), and Bennett (1978). Of these, Model, Sverdrup, 
Emig, Bryan, and Bennett report estimates for at least one latitude in the 
Southern Hemisphere (see Figure 16). 

Model (1950) uses an empirical and dynamical apporach to estimate 
transports of absolute heat through a latitude section. He estimates the 
heat transported by main ocean currents using volume transport and tempera- 
ture information from Sverdrup et al. (1942). By determining the effects 
of slope currents using oceanographic station data and wind drift currents 
using monthly wind charts of the South Atlantic an average transport was | 
estimated. Model obtained a figure of 150 x 1012 calories per second 
towards the north across 30°S in the South Atlantic Ocean. 

Sverdrup (1957) used the heat budget equation to obtain heat transport 
results. He took into account heat exchange by currents, evaporation, con- 
densation, sensible heat, and radiation excess at a given latitude through a | 
use of radiation data from Kimball (1928) and evaporation and turbulent 
heat flux from charts by Jacob (1957). Meridional heat transport for an 


ocean basin was then calculated by integrating the field of net heating 


with respect to latitude. A constant of integration was selected to give 


TRANSPORTS OF HEAT BY WATER MASS 
TYPE AT 8°S, 16°S, 24°S AND 32°S 


Heat Transports (cal/sec) across 
four latitude cross sections 


12 


(all values times 10°”) 


(Negative values indicate northward transport; 
positive values indicate southward transport) 


Watermass 8°S 


Surface -1853.79395 


Central - 382.53979 


Intermediate 3553.36621 


Deep and -1380.01392 
Bottom 


- 62.98145 


16°S 


-3328.71582 


-3745.13647 


-1424.19434 


8131.60547 


- 366.44116 


24°S 


- 993.78101 


-4861.37500 


- 554.42651 


6170.85547 


- 238.72705 


32°S 


- 250.10114 


-7184.11328 


-4663.28906 


11799.19141 


- 298.31207 
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what he deemed as reasonable results. Sverdrup obtained an estimate of net 
heat transport across the equator of 67 x 10°" calories per second toward 
the north. 

Bryan (1962) uses a dynamic method for combining hydrographic station 
data and climatological estimates of surface wind stress to calculate 


meridional heat transport directly. Basically the method provides an esti- 


mated value for the transport integral as given by 


1 ° 
/ ; Co 60 vdzdx , 
Oo -H 


where x is the coordinate in the east-west direction, z is the vertical 
coordinate, v is the meridional velocity, 9 is the potential temperature, 
and p is the density. 

The method requires hydrographic data from which the derivative of 
the geostrophic volume transport is calculated. The method involves 
measuring the integral of the covariance of the meridional velocity and 
temperature over an entire vertical cross section of the ocean. Bryan 
divided this heat transport integral into two parts. One part can be 


calculated from the hydrographic data alone and is independent of any 


reference level of no motion. The other part of the integral is calculated 


from the field of surface wind stress and does require a fixed reference 
level. According to Bryan, Sverdrup's formula for computing the total 
integrated transport from the curl of the wind stress vector as used in 
this portion of the integral provides the most objective way to fix the 
reference level of no motion. This part of the integral is most important 


when the transport is influenced by a strong western boundary current 


flowing over a shallow shelf which is compensated for by a return flow in 
deeper water. Bryan attempted to minimize this portion of the integral 
by choosing cross sections which avoided this effect. 
Bryan (1962) calculated heat transports for three South Atlantic sec- 
tions, all.of which indicated a strong northward transfer of heat toward 
the equator for two 16°S and one 24°S sections. The IGY section at 16°S 
has a heat transfer twice that of the METEOR section at 16°S taken many 
years earlier. Bryan noted that circulations in the vertical meridional 
plane played the most important role in transports, thus confirming Jung's 
(1952) proposal that heat transports by such circulations in the ocean 
could be significantly different from those by similar atmospheric circu- 
lations at mid-latitudes. 
Bennett (1978) employed Bryan's (1962) method using IGY data in the 
South Atlantic with differing results. Bennett begins with the same total 
energy transport integral as Bryan, but separates the integral into a 
sum of five integrals for evaluation. Bennett also employs an L parameter 
\ | characterizing the width of the western boundary current. His different 
values of heat transport for the same latitude as illustrated in Figure 16 
are due to his different guesses for the width of the boundary current. 


For all values of L chosen, however, Bennett's results showed strong north- 
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ward (equatorward) heat transports at 24°S and 32°S. 
Emig (1967) evaluated heat transports in the Atlantic Ocean by using 


the heat flux charts of Budyko (1962). The heat flux divergence for a 


latitude band was calculated as a residual by Sverdrup's heat budget method 
and then integrated to yield the heat transports. The boundary condition 


imposed was that all heat transport across 70°S be zero. The results 


an oat st seal 


of Emig's study are illustrated in Figure 16 and are the only estimates 


which indicate a southward (poleward) heat flux across the latitude circles 
in the Southern Hemisphere. 

The results of the present thesis study show heat transports of the 
same order of magnitude and same direction (northward) as in the majority 
of the previous cited works. The results for 16°S agree quite closely 
with Bryan's results using the same data and a different method. The 
results for 24°S and 32°S, however, are almost twice as large as those of 
Bryan. Results from Bryan, Bennett, and Model, however, all agree with 
the direction of heat transport obtained herein. 

It is surprising to note the equatorward flux of heat across these 
Southern Hemisphere latitude sections as obtained by Model, Sverdrup, 
Bryan, Bennett, and Mason. The usual concept of the earth's heat budget 
would seem to suggest just the opposite result. Ordinarily, the heat 


balance is described as a poleward flux of heat in both atmosphere and 


ocean to offset the sun's excess radiation in the tropical regions and 


deficit in the polar regions. Indeed, this must be the case averaged 
worldwide, since, over time periods of a century or so, the tropics are 
not getting warmer nor the poles colder. However, the results of this 
study and the consensus of previous works indicates that for the South 
Atlantic at least the oceanic heat flux is in a direction opposite to 
that expected within the entire fluid envelope. 

Bryan (1962) and Bennett (1978) examined several reasons for the 
unexpected results. Bryan (1962) implied that many of the earliest esti- 
mates of heat flux concentrated on transports by horizontal currents and 
ignored circulations in the vertical plane associated with the thermohaline 
circulations as originally proposed by Jung (1952). Bryan's results show 


that while vertical circulations are weak in terms of volume transport, 


, 
f 


I 


they dominate the heat transport. It is, therefore, the warmer surface 
currents with a net northward flux which dominate the net southward flux 
of cooler deeper water in terms of absolute heat content. However, Bryan 
does state that the spacing of hydrographic stations is not dense enough 
to define the role of transient meanders which may have a significant 
effect on heat transport. For example, Newton (1961) reports that a 
single Gulf Stream meander can lead to a meridional heat transport of l 
to 2x 1074 calories per second, a value larger than many of the net heat 
transports for an entire latitude section. Meanders and eddies in the 
South Atlantic are not defined sufficiently so as to estimate their effect 
on the METEOR or IGY data. 

Bennett (1978), in agreement with Bryan states that conventionally 
spaced stations do not resolve the mid-ocean eddy field; however, he does 
attempt some estimate of eddy flux contributions to heat flux. He con- 
cludes that even though the eddy contributions are not negligible, they 
do not account for the unexpected northward heat flow. It is the large 
scale flow which is responsible for the northward heat flux, and, although 
eddies introduce variability into the heat flux estimates, they do not 
dominate the results. 

It appears that this northward oceanic heat transport must be compen- 
sated by either the atmospheric heat transport of the Southern Hemisphere, 
or by oceanic transports southward in other Southern Hemispheric oceans. 

Another possibility is that the northward oceanic heat transport is 
a seasonal effect which may be compensated by a reversal in another part 
of the year. It is to be noted that three of the cross sections were 
associated with the Southern Hemispheric autumn season and only the 24°S 


cross section was from the Southern Hemisphere spring season. It is 
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possible that the oceanic heat transports may be equatorward during these 


transition seasons and poleward at other times. 


D. GENERAL CIRCULATIONS BASED ON MASS TRANSPORT 

The general circulation pattern was drawn according to the procedures 
described in Section IV-P. The resulting eddy circulations are consistent 
with the pattern of mass transport vectors illustrated in Figures 17 
through 19. 

Eddy circulations in the North Atlantic have been studied extensively 
by Iselin (1936, 1940), Fuglister (1947, 1963, 1971), Iselin and Fuglister 
(1948), Fuglister and Worthington (1951), Barrett (1963), Richardson 
(1976), and Parker (1971). The eddy fluctuations discussed in the litera- 
ture are usually associated with the Gulf Stream, but eddies of similar 
characteristics occur in the other oceans. The typical eddy is a low 
frequency mesoscale phenomenon with a diameter hetween 100 and 200 kilo- 
Meters*. Robinson (1976) described the mid-ocean eddy as a feature orders 
of magnitude more energetic than the main flow. These eddies exist as 
cyclonic and anti-cyclonic rings extending from the surface to the bottom 
as measured in the MODE-I experiment. 

Only eddies the diameter of one station pair or greater are detectable 
by the method used in this thesis. Most of the eddies persist with depth 
through the surface, central and intermediate water, and then reverse 
their direction of rotation in the deeper regions. This reversal of cir- 
culation with depth has been reported in the Northern Hemisphere by 
McCartney, Worthington, and Schmitz (1978). 

Figures 17 through 19 indicate the derived circulation system, depict- 
ing a hypothetical gyre pattern for the South Atlantic which best explains 


some of the observed features. All mass units are in terms of io} gm/sec. 
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1. The Circulation in the Upper Water 


; The Benguela Current, powered mainly by the prevailing southeast 
trades, is a slow-moving current flowing north along the western coast of 
Africa. It is most constant in speed and direction between Cape Agulhas 
and 25°S with well-defined nearly stationary boundaries. North of this 

q region there is a confused coastal part and a steady oceanic part of the 
current (Boisvert, 1967). Figure 17 shows the narrow flow at 30°S broaden- 
ing and becoming more zonal as it progresses northward. A net northward 
flow of 15.6 units is comparable with 16 units derived by Sverdrup et al. 
(1942) for the same current. Some convergence and sinking, 2.3 units, 
is seen in the area of the Subtropical Convergence Zone. The Atlantic 
South Equatorial Current is clearly seen as the more zonal westward flow 


between 16°S and 24°S. North of 15°S a more confused gyre pattern is 


pictured with large convergence, 16.8 units, between 15°S and 8°S. The 
cyclonic gyre centered at 16°S, 17°E matches geostrophic calculations by 
Moroshkin et al. (1967). The less distinct westward flow of the Atlantic 
South Equatorial Current between 8°S and 20°S matches the flow described 
by Mazeika (1968) who detected both surface and subsurface geostrophic 
currents flowing eastward in this region. 

Notably absent in this depiction is the expected strong Brazil 
Current which flows southwest parallel to the Brazil coast. Sverdrup 
et al. (1942) estimated 10 units of transport in a southerly direction 
across 30°S for the Brazil Current as compared to only one unit in 
| Figure 17. Indeed, further north the Brazil Current even appears reversed. 
In view of the fact that the surface currents for the area compare favor- 

ably with Sverdrup's estimates, and yet the volume transports do not, the 


disagreement may stem from the great variability in the Brazil Current. 


62 


The Brazil Current is the southward extension of the Atlantic South 
Equatorial Current which divides at approximately 10°S. The seasonal 
boundaries and speeds are more variable than most other major currents 
and its variation in speed and direction is greater than the Atlantic 
South Equatorial Current from which it originates. Numerous counter-cur- 
rents exist from seasonal increases in the river discharge of the Rio de 


la Plata, a coastal extension of the Falkland Current, and strong tidal 


rotations. The surface currents particularly exhibit both clockwise and 


counterclockwise rotations from tidal influences with reversals and 
diurnal inequalities adding to the confusion (Boisvert, 1967). 

The variability of the Brazil Current could affect this study in 
several ways. If the Brazil Current were exceptionally weak at the time 
of measurement the lack of influence in the surface and central waters 
would be explained. This study of circulation patterns by mass transport 
vectors indicates that the strength of the southward flowing western ocean 
boundary current is concentrated in the Deep and Bottom Water (Figure 19). 

Secondly, if the Brazil Current were very narrow in the upper 
reaches of the water column, its contribution to the mass transport would 
be small due to the reduced cross sectional area through which it flows. 
The depiction of circulation through the vertical cross sections at each 
latitude are to be found in Appendix III; it is apparent that the south- 
ward flowing currents in the region of the Brazil Current are of high 
velocity but small in areal extent. 

Thirdly, a local anomaly in the level of no motion would cause an 
error in the absolute velocities which would reduce the effect of the Bra- 
zil Current. It is doubtful that such an error would extend across the 
entire cross section since the remainder of the circulation picture closely 


matches observations and previous estimates of volume transports. 


Finally, the more northward extension of the Falkland Current and 


more southward extension of the Guiana Current during the local autumn 
(March=May) season, when observations for the 8°S, 16°S, and 32°S cross 
sections were conducted, may explain the reduced value for southward 
transport. 

Sverdrup's values for transport are in terms of volume transport 
converted to cn? /sec, whereas this study used mass transport, with gm/sec 
units. A comparison by Cummings (1977) showed less than a 2.7% error in 
equating these two transports. 

2. The Circulation in the Intermediate Water 

Quantitative volume transport information below the surface of 
the South Atlantic is scarce. Sverdrup et al. (1942) estimates a net 
northward transport across 30°S of 9 units for the intermediate level 
compared with the 16.7 units obtained in this study across 32°S. For the 
remaining latitudes general trends are apparent. Some deeper elements of 
the Benguela Current and Atlantic South Equatorial Current systems are 
evident in the western and middle portion of Figure 18 at these depths. 
The transports are generally weaker in this layer than for any other 
and circulation patterns are not well defined. 

3. The Circulation in the Deep and Bottom Water 

The primarily southward transport of deep water normally observed 
in current studies is verified in Figure 19. There is a distinct south- 
ward mass transport along the westward boundary and a total net Southward 
transport across 16°S, 24°S, and 32°S. Sverdrup's (1942) estimate of a 
southward transport of 18 units by the deep water is less than one half 
of the estimate of 42 units obtained here. The northward flowing 
Antarctic Bottom Water was not detected by the Nansen casts and is not 


seen in Figure 19. Consequently, the computer attributed its contribution 
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to the more southerly flow of the Deep Water by default. The northward 


contribution from Antarctic Bottom Water is only approximately 3 units at 


30°S according to Sverdrup et al (1942). Therefore, the abnormally high 


estimate of mass transport for Deep and Bottom Water combined is not 
explained by lack of detecting geostrophic currents in the Bottom Water. 
It does represent an approximation for geostrophic transport based on 


accurate station data. 
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VI. CONCLUSIONS 5 


This study used the classical dynamic approach for calculating geo- 
strophic currents to determine mass, salt, and heat transports using 
oceanographic station data. The results showed an equatorward heat flux 
in the subtropical South Atlantic at all the latitudes studied. The 
direction of the flow agreed with the majority of previous estimates by 
Sverdrup et al. (1942), Bryan (1962), Bennett (1978), and Model (1950). 
The magnitude, however, was in most cases greater than previous works, 
with rough agreement with Bryan (1962) at 16°S, and values almost twice 
as large as the average for Bennett's results for 24°S and 32°S. It is 
concluded that this unexpected equatorward heat transport is due to 
warmer surface currents with a net northward flux carrying more energy 

y northward than the deeper cooler waters carry southward. 
A level of no motion was experimentally determined in the subtropical 
' South Atlantic which had a trend of deepening with increasing latitude 
similar to previous results, but did not deepen as sharply with increas- 
ing latitude as that of Neumann (1966). The level of no motion was 
closely related to the sigma-t surface of a, = 27.57 and was most often 
located near the bottom-most boundary of the Antarctic Intermediate 
Water mass. 
| The method employed also provided a useful picture of the absolute 
geostrophic velocities to be expected in the region. The derived circu- 
lation based on mass transport figures corresponds closely with observed 
circulations, and for the first time demonstrate a quasi-synoptic view 


of the major transport mechanisms in the South Atlantic. 
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APPENDIX B 


VERTICAL CROSS SECTIONS 


Appendix B illustrates vertical cross sections of velocity, and 
transports of mass, salt, and heat for each latitude. These data were 
first interpolated to a rectangular grid covering the cross section 
by a computer subroutine named IBCIEU and then contoured by a subroutine 
named CONTUR. In executing CONTUR, the data field was first scanned 
for the highest and lowest values and then contour levels were drawn 
between them at thirteen intervals. The central values of maxima or 
minima were labeled, as were exterior contour segments. Since the contour 
intervals are determined by a data scan in each case, they are not identical 
for each chart but can be determined from the labels. 
The one-inch grid superimposed on the diagrams represents depths 
in the vertical of 50, 1084, 2118, 3152, 4186, and 5220 meters for every 
chart. However, the horizontal extent represents the length of the 
ship's track and is different for each latitude. The values in kilometers 
per inch for 8°sS, 16°S, 24°S, and 32°S are 163, 290, 314, and 169 respectively. 
Units are: velocity, cm/sec; mass transport, gm/sec x 6°: salt transport, 


9 9 
gm/sec x 10 ; and heat transport, cal/sec x 10 . 


Negative values indicate northward transports. 
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